Abstract
Introduction

29
In 2008/9, UK surplus wheat (dry basis) was around 3900000 Mg available for the 30 production of bioethanol [1] . Alongside, 3500 kg ha -1 of accompanying wheat straws (dry which the DDGS and the wheat straws are also used to generate CHP, thereby enhancing the Table   87 1. For various energy carriers, e.g. natural gas, electricity, diesel, etc., the factors from [19] 88 were used. electricity and natural gas is taken from the grid where necessary.
128
The LCI of individual co-production was allocated based on associated activities and 129 operations. For shared facilities, this allocation was done by economic values. Different common functional units (unit mass of dry matter (DM) of product, unit energy, year and in the case of wheat cultivation, ha) were used for comparisons. 
132
Wheat cultivation
137
The LCI data of wheat cultivation in the UK (Fig. 2) The impact from wheat grain production is the maximum, followed by bioethanol the UK wheat grain processed, or 6.78 Mg ha -1 (based on grade 3a in Table 3 ).
production (E) of 10. and unit operation in the wheat bioethanol plant.
240
The economic values assigned in the study [6] products. This results in the factors of 0.962 and 0.038 for ethanol and DDGS, respectively.
248
The LCI allocation to bioethanol and DDGS by economic values is presented in Table 6 . Fig. 1) . 302 The GWP 100 from the straw-based CHP plant is mainly from the operation (98%) impacts.
249
318
Unlike the bioethanol plant, the construction stage in wheat straw CHP system 319 becomes important in the case of CPE (28%) and AP (25%), respectively. Transportation also 320 has impact towards ARU (35%). For the other IC, the wheat straw cultivation incurs the maximum impacts, contributing by 66% to CPE, 68% to AP and 65% to ARU, respectively.
Plant operation contributes the most to EP (98%).
323 Table 8 compiles the results of bioenergy production from the base case system 324 (alternative 1), wheat bioethanol and DDGS as animal feed; and straw-based CHP to grid.
325
The following analysis is done for the system as a whole without any allocation of impacts.
326
The net bioenergy produced is 12. (Fig. 4) (Table 7 and Table 8 ). This gives a total CPE of 19.37 PJ y -1 with an overall E ratio = 0.66.
336
Therefore, about 65% energy savings can be achieved from the whole bioenergy system. 337 Table 8 Annual products and bioenergy generated from the overall system (alternative 1). (Fig. 4) production systems from wheat straw showed that the use of crop residues in a biorefinery 375 reduces the GHG emissions by about 50% and fossil energy demand by more than 80% [16] . 
388
Analysing the wheat grain production and bioethanol plant operation using the heat 389 from the natural gas boiler and electricity from grid (1), the resulting GWP 100 comes from the 390 cultivation of grain (economic allocation, Table 3 ), bioethanol plant operation and 391 construction, raw materials transportation (Fig. 4) produced is now of 11.8 PJ y -1 and the overall effect is an increase in the energy ratio to 3.67.
413
This gives savings of 77% in fossil CPE from the production of bioethanol with respect to the 414 production of gasoline. However, the net GWP 100 (as CO 2 -eq) is increased to 874000 Mg y -1
415
due to the addition of 487000 Mg y -1 from DDGS combustion, even after the credits from the 416 replacement of 122000 Mg y -1 and excess heat of 83300 Mg y -1 ( Table 9) . No additional supplied from the grid. As a result, the balance over case (2) indicates higher GWP 100 impact 420 of 80.9 g MJ -1 bioethanol produced yielding a marginal saving by 4%.
421
An alternative 3, where the DDGS (moisture and ash mass contents of 8% and 3.9% 422 respectively) is used as a raw material for the CHP plant and the energy generated is 423 delivered to the bioethanol plant and the excess electricity is exported to grid, is considered.
424
The DDGS conversion process provides 0. by an equivalent amount of bioenergy (bioethanol-DDGS based CHP).
435
In alternative (4), the straw-based CHP is integrated with the bioethanol plant. The 436 allocated GWP 100 to straw from the wheat cultivation system must be included into the base 437 case GWP 100 . Additionally, the CPE and the GWP 100 from the straw-based CHP plant replaced by the production of bioenergy, but additionally energy in the form of excess 458 electricity and bioethanol is saved. This system thus also achieves the EU Directive's 60%
459
GHG emission reduction target.
460
In summary, the integration of wheat straw CHP and bioethanol plant proved to be an 461 effective way to achieve the EU Directive GWP 100 reduction target, while saving fossil CPE.
462
The complete replacement of heat (steam) and electricity by straw CHP and DDGS in 463 alternative 5 is another option in which GWP 100 is lower but more fossil CPE can be saved.
464
The incentives for the reduction of GWP 100 beyond the target and the capital costs involved 465 in the two integrated systems would finally determine the selection of one of these 466 alternatives. The LCA approach presented took detailed account of CO 2 binding by wheat 
